Hierarchical multimodal hub location problem is a cost-minimizing hub covering problem where two types of hubs and hub links, accounting for ground and air transportation, are to be established, while ensuring time-definite deliveries. We propose a mixed-integer programming formulation and perform a comprehensive sensitivity analysis on the Turkish network. We show that the locations of airport hubs are less sensitive to the cost parameters compared to the locations of ground hubs and it is possible to improve the service quality at not much additional cost in the resulting multimodal networks. Our methodology provides the means for a detailed trade-off analysis.
Introduction
Hub facilities are present in various many-to-many distribution networks such as airline, cargo delivery, and telecommunications networks. In all of these networks, traffic between the demand nodes is routed via the hub facilities. Even though the basic structure of the traffic movement is the same, each application area has its additional requirements and specifications.
In this paper, we focus on the operational characteristics of cargo delivery networks. In a typical cargo delivery network, goods that need to be delivered are first collected at branch offices. The cargo processing operations, such as sorting, are carried out at hub facilities. These hub facilities are consolidation and dissemination centers. In hubs, cargo from different origins but similar destinations is collected together and re-routed according to their destinations. A package arriving at a hub can travel directly to its destination, if the destination branch office has a connection with this hub, or travels to the hub to which the destination is allocated. Due to managerial reasons, usually each branch office has connections with only one hub; that is, the in-and out-going traffic of each branch office is processed at a single hub.
Due to the competitive environment in the market, companies pay more attention to service levels. In cargo delivery, service level is primarily measured via delivery time, which is the time the parcel arrives at its destination. Cargo companies offer different delivery time promises, such as next day or second day delivery, to their customers.
'Next day delivery' or 'delivery within 24 h' is the current target for the cargo companies operating in Turkey. However, due to geographical distribution of the cities within Turkey and the structure of the highways, delivery within 24 h between all city pairs is not possible if only ground transportation is employed. Mainly due to the competitiveness in the sector, recently the cargo companies in Turkey investigate the costs and benefits of including airlines into their distribution networks. In particular, one of the cargo companies utilizes airline segments in its hub network and promises deliveries within 24 h between every origin-destination pair of Turkey. The company uses a star-shaped airline network that is rooted at the capital city Ankara.
Motivated by the operating characteristics of this company's service network, in this paper, we introduce a new hub location problem. In the sequel, we explain the operating structure of this type of service network in detail.
In this network, there are two different types of hubs: ground hubs and airport hubs. Each demand node is connected to a single hub via a highway segment. Additionally, each ground hub is connected to an airport hub via a highway segment, and each airport hub is connected to the central airport hub via an airline segment. Thus, the airline network has a star structure centered at the central airport hub. If two ground hubs are allocated to the same airport hub, then a direct highway segment can be established between these ground hubs. Even though the motivating example enforces a highway connection between any two ground hubs served by the same airport hub, we relax this assumption in our models and computational study, but, as extension we also discuss how to model this requirement. Fig. 1 depicts a service network with eleven hub nodes (nodes 0, . . . , 10). In this figure, airport hubs are illustrated as triangles (nodes 1, 2, 3), ground hubs as squares (nodes 4, . . . , 10), and the central airport hub is illustrated as a circle (node 0). Remaining unnumbered nodes are the demand nodes that are allocated to these hub nodes. Double lines represent airline connections, whereas single lines represent truck connections. Observe from Fig. 1 that the hub network has two levels: the first level is the star-shaped airline network and the second level is the union of mesh networks established for each airport hub.
In our hierarchical network, if two hubs are allocated to the same airport hub and if there is a direct highway segment in between, then the flow between these two hubs travels on this direct highway segment. If a direct highway segment is not established between two hubs that are allocated to the same airport hub, then the flow is routed using the highway segments allocating these hubs to their hub airport. On the other hand, if two hubs are allocated to two different airport hubs, then the traffic between them uses the highway segments connecting the hubs to their airport hubs and the airline segments connecting the associated airport hubs to the central airport hub. In the network depicted in Fig. 1 , the flow between hub nodes 4 and 5 travels directly by using the highway segment in between, the flow from hub node 4 to hub node 6 follows the path 4 ? 1 ? 6, whereas the traffic from hub node 4 to hub node 7 follows the path 4 ? 1 ? 0 ? 2 ? 7. Note that, as pointed out by Smilowitz and Daganzo (2007) , unlike airline passengers, cargo can be routed through more hubs if this results in economies of scale and cost savings.
In our application, both directions of a highway or airline segment incident to the central airport hub are served by the same vehicle. For instance, the airplane that travels from airport hub 1 to the central airport hub waits for the vehicles that arrive here from other nodes and then travels back to airport hub 1.
In this paper, we study the design of this type of a hierarchical multimodal hub network. We are given a set of demand nodes, a set of possible locations for ground hubs, a set of possible locations for airport hubs, the location of the central airport hub, the number of hubs to be opened, and the required cost and time parameters. The aim is to find the locations of the ground and airport hubs, the allocations of demand nodes to these hubs, the allocations of ground hubs to airport hubs and to route the flow to minimize the total transportation and operational costs while ensuring that each pair of demand nodes receive service within a predetermined time bound. We refer to this problem as the hierarchical multimodal hub location problem with time-definite deliveries (HMHL-TDD).
The hub location problem is first posed by O'Kelly (1986 O'Kelly ( , 1987 . Given a set of origin-destination pairs with positive flow, the hub location problem involves the decisions on the locations of the hubs and the allocations of the demand nodes to these hubs. O'Kelly (1987) proposes a cost minimizing formulation of the problem, which may be considered as the first model in the hub location literature. Campbell (1994) classifies hub location problems according to their optimization criteria: (i) minimization of the total transportation cost, p-hub median problem (which is the original model proposed in O'Kelly, 1987) ; (ii) minimization of the total transportation cost and the fixed cost of establishing hubs, uncapacitated/capacitated hub location problem, (iii) minimization of the maximum transportation cost, p-hub center problem, and (iv) minimization of the number of hubs while serving each pair within a predetermined bound, hub covering problem. The majority of the literature is devoted to the first two problems (see, e.g., Campbell, 1996; Krishnamoorthy, 1996, 1998; O'Kelly et al., 1996; Sohn and Park, 1998; Boland et al., 2004; Hamacher et al., 2004; Labbé and Yaman, 2004; Labbé et al., 2005; Marín, 2005; Marín et al., 2006) . For the p-hub center and hub covering problems, after Campbell (1994) , the basics are developed by Tansel (2000, 2003) , Ernst et al. (2005 Ernst et al. ( , 2009 ), Wagner (2008) , and Meyer et al. (2009) . For comprehensive surveys on hub location, the reader is referred to Campbell et al. (2002) and Alumur and Kara (2008) .
In all the above mentioned studies, there is a basic understanding of the hub location problem. Given a set of nodes and positive flow between each origin-destination pair, determine the locations of hubs and the allocations of demand nodes to these hubs such that the flow between each origin-destination pair is routed through the hub nodes to optimize cost or a service related objective. It is customarily assumed that the hub network is complete; that is, once the flow arrives at a hub, it travels directly to the destination hub (if origin and destination are allocated to different hubs). This assumption leads to the fact that any package travels at most three segments, namely: origin-to-hub, hub-to-hub, and hub-to-destination. In the hub-to-hub portion of the journey, there is economies of scale, which is usually incorporated into the models by multiplying the corresponding cost coefficients with a scaling factor a, where 0 6 a < 1.
Recently, there are some studies relaxing the complete hub network assumption and introducing hub network design decisions. Nickel et al. (2001) , Yoon and Current (2008) , Campbell et al. (2005a,b) , Yaman et al. (2007) , Labbé and Yaman (2008) , , Alumur et al. ( , 2012 , Calik et al. (2009 ), Campbell (2009 ), Contreras et al. (2009 , and Yaman (2009) proposed hub location problems involving different hub network structures. Klincewicz (1998) and Gourdin et al. (2002) survey the studies on location problems with applications in telecommunications. We refer the reader to S ßahin and Süral (2007) for a survey on hierarchical location problems.
The choice for mode of transportation within a hub network is initially discussed by O' Kelly and Lao (1991) . In this study, allocation decisions using air and ground transportation are analyzed for two hubs at fixed locations. More recently, there are some studies considering hub location decisions in intermodal networks. Arnold et al. (2004) presented an integer programming model for locating rail/road terminals for freight transportation. Racunica and Wynter (2005) proposed a hub location model based on the uncapacitated hub location problem to increase the share of rail in intermodal transportation networks. Limbourg and Jourquin (2009) determined locations of rail-road container terminals using an iterative procedure based on both the p-hub median problem and the multimodal assignment problem. Ishfaq and Sox (2011) used uncapacitated hub location model with the inclusion of a service time constraint to determine the location of hubs within a rail-road intermodal network. Meng and Wang (2011) proposed a mathematical formulation to design an intermodal hub network for multi-type container transportation with multiple stakeholders. Although these studies capture the effect of using different transportation modes on hub locations, none of them considers different types of hub facilities to be located or the hierarchical hub network structure that we consider in this study. Kara and Tansel (2001) focus on the cargo delivery sector applications of the hub location problem. The authors observe that 'synchronization' is crucial in determining the departure times. The departing vehicles from hubs should wait for the incoming vehicles. The authors pose the latest arrival hub location problem as the hub location problem in which departure time synchronization is also incorporated. Later, Tan and Kara (2007) studied the latest arrival hub covering problem and Yaman et al. (2007) incorporated stopovers in the latest arrival hub location problem. In all of the studies on latest arrival type hub location problems, the hub network is assumed to be complete and only a single transportation mode is considered.
In the studies with ''time-definite deliveries'', the service time between each origin-destination pair needs to be within a service level guarantee. Lin et al. (2004) determine the fleet sizes and schedules while ensuring a given service level. Smilowitz and Daganzo (2007) study the design of hierarchical integrated package distribution networks with multiple service levels using air and ground transportation. They minimize transportation costs, composed of fixed vehicle costs and variable operating costs, and facility costs, composed of fixed terminal charges, handling costs and storage expenses, using continuum approximation techniques. Chen et al. (2008) study a tree structured network where they seek to minimize the sum of the violations of the delivery guarantees. Campbell (2009) minimizes the total transportation cost while ensuring the time-definite transportation by considering feasible assignments only. Sim et al. (2009) where incomplete hub networks are allowed. More recently, Lin (2010) studies a hub network design problem where each node is connected through a secondary route to its designated hub, Yaman (2011) studies the effect of different allocation strategies and Yaman et al. (2012) consider a cost minimization problem for the cargo sector in which the release times are to be determined in addition to the hub locations.
The hierarchical multimodal hub location problem HMHL-TDD introduced in this paper is a cost minimization hub location problem with time-definite deliveries over a hub network that contains airline and highway segments.
In this paper, we introduce a new hub location problem, propose a mathematical formulation of the problem, and present computational analysis to evaluate the solution potential of the proposed model. Results obtained for the Turkish network data are presented with emphasis on the effects of the choice of parameters and the delivery time restrictions on total cost and the locations of the hub nodes.
The organization of the paper is as follows: In the next section, we propose a mixed integer programming formulation of the problem. In Section 3, we present the results of our computational study on the Turkish network. The paper ends with some concluding remarks presented in Section 4.
Problem formulation
In this section, we introduce a mathematical formulation for HMHL-TDD. The parameters of the problem are as follows: Let D denote the set of demand points, H # D the set of possible locations for hubs, A # H the set of possible locations for airport hubs, and 0 2 A denote the central airport hub.
We denote the number of hubs that are going to be established (including the central airport hub) by p. The traffic demand from node i 2 D to node j 2 D is denoted by w ij . We let t ij and t P ij denote the time to travel from node i to node j by truck and by airplane, respectively. If both nodes are hubs, then the travel time for a truck is reduced by a factor of a, where 0 6 a < 1. If node j 2 An{0} is an airport hub then there is a loading/unloading time of m j units. The loading and unloading time at the central airport hub ism 0 units. Finally, all cargo should reach its destination by time T. We assume that all travel times and loading/unloading times are nonnegative.
We group and explain the variables and the constraints of our mathematical formulation below:
Hub locations and allocations: We define x ij to be 1 if demand point i 2 D is allocated to hub j 2 H and to be 0 otherwise. With this definition, x jj is 1 when a hub is established at node j 2 H. We additionally define y jl to be 1 if hub j 2 H is allocated to airport hub l 2 A and 0 otherwise. Similarly, y jj is 1 if an airport hub is established at j 2 A.
The following constraints model the allocation and location requirements:
Constraints (1) ensure that each demand node is allocated to a single hub. By Constraints (2), if a demand node is allocated to a certain node, then that node should be a hub node. Due to Constraints (3), a hub is allocated to exactly one airport hub. If a hub is allocated to an airport hub, then this airport hub must be established by Constraints (4). We set the total number of hubs to be established to p by Constraint (5). Constraint (6) ensures that the central airport hub is opened. Finally, Constraints (7) and (8) define the binary variables.
Design of the hub network: In the hub network to be designed, the airline connections form a star network. That is, each airport hub is to be connected to the central airport by a direct flight and no direct connection between non-central airport hubs is allowed. We do not need to have additional decision variables or constraints for the design of this airline network since the information on a node becoming an airport hub or not is sufficient for this star structured design.
All the connections in the network, other than the ones within the star shaped airline network, utilize trucks. There must be a direct truck connection between a hub and its airport hub. Other truck connections in the hub network can only exist between hub nodes that are allocated to the same airport hub. The following constraints model these hub network design restrictions.
First, we define z
If it is required that there must be a direct truck connection between all hubs that are allocated to the same airport hub, to form a complete sub-network (clique) for each airport hub, the following constraints should be included in the model:
Routing the flow: In order to route the flow on the hub network to be designed, we need to define two additional sets of decision variables. We use a multicommodity flow formulation as the one of Ernst and Krishnamoorthy (1996) for the p-hub median problem. The variable f i jk is the flow that originates at node i 2 D and that travels from hub j 2 H to hub k 2 Hn{j} using trucks. We define g i j0 and g i 0j to be the flow that originates at node i and that travels on the airplane from airport hub j 2 An{0} to the central airport hub and from the central airport hub to airport hub j, respectively.
The following sets of constraints ensure that the traffic demand is routed using the available links.
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Constraints (15) are the flow balance constraints at ground hubs. Similarly, Constraints (16) are the flow balance constraints at the airport hubs considering the flow using both trucks and airplanes. Constraints (17) are the flow balance constraints at the central airport hub.
Constraints (18) ensure that the flow using trucks can be routed only on the established truck connections. Similarly, by Constraints (19) the flow using airplanes can be routed only on the established airplane connections. Constraints (20) and (21) are the non-negativity constraints for the flow variables.
Time restrictions: Finally, we model the requirement that all cargo should reach its destination within T units of time. To this end, we define the following decision variables.
For a hub j, r j denotes the earliest time that a truck or an airplane can depart from hub j towards other hubs. The earliest time that all the trucks from the demand nodes and ground hubs, and the airplanes from the airport hubs arrive at the central airport hub is denoted by r 0 .
For each hub j, r j denotes the longest time needed to deliver the cargo to the demand nodes allocated to hub j. On the other hand, r 0 denotes the longest time needed to deliver the cargo from the central airport hub to all hubs and demand nodes.
We set m 0 = 0. The following constraints model the time restrictions:
The main idea behind Constraints (22)- (27) is that a truck or an airplane departing from a hub needs to wait for all the incoming flow. These time restriction constraints can be explained via Fig. 1 . The trucks or airplanes leaving each of the hub nodes {0, . . . , 10} must wait for the flow coming from the demand nodes allocated to them. For example, the truck leaving hub node 4 towards hub node 5 or hub node 1 must wait for the flow arriving from the three demand nodes allocated to it. Thus, the earliest time that a truck can leave hub node 4 is determined by Constraints (22).
The ready time of all the cargo at the central airport hub is determined by Constraints (22) and (23). Constraints (22) ensure that the central airport hub waits for the flow arriving from the demand nodes allocated to it. By Constraints (23), the central airport hub waits for the trucks and airplanes arriving from all the hub nodes. In our example, the central airport hub waits for the four demand nodes allocated to it by Constraints (22), for the trucks arriving from hub nodes 9 and 10, and also for the airplanes arriving from airport hubs 1, 2, and 3, by Constraints (23).
Constraints (24) calculate the longest time needed to deliver the cargo from each hub to the demand nodes allocated to it. The longest time needed to deliver the cargo from the central airport hub to all hubs and demand nodes is calculated via Constraints (25).
Constraints (26) ensure that the cargo transported using the direct truck connections between the hub nodes must be delivered within the time limit. We remark here that Constraints (26) are redundant if the travel times satisfy the triangle inequality.
Finally, Constraints (27) ensure that the longest time to deliver the cargo between any origin-destination pair is within the time limit T.
In case the travel times are symmetric, there exists an optimal solution with r j ¼ r j for all j 2 H. Hence, the variables r j 's and Constraints (24) and (25) can be dropped from the model and Constraints (26) and (27) can be replaced with
If the demand points are over a large geographical area, there may be time zone differences between them. For such cases, the Constraints (22)- (27) should be revised to include the time zone differences. The revision is simply to add (or subtract) the time gained (or lost) due to time zone differences to the arrival time (Kara and Tansel, 2001 ).
Objective function: The objective function of our problem is to minimize the total transportation and operational costs. We define the following cost parameters:
the unit routing cost from i 2 D to j 2 D if one of the nodes is a non-hub node and the other node is its hub c Using the above parameters, the objective function is expressed as:
The first two terms in the objective function (30) sum the transportation costs on the allocation segments, the third term calculates the transportation costs between hub nodes using truck connections, the fourth and fifth terms, on the other hand, calculate the transportation costs using airplanes. The last three terms calculate the fixed costs of operating truck and airplane connections. The costs and the demand are in commensurate units of time so that the overall objective is the minimization of total cost per some unit of time.
A mixed-integer programming formulation of HMHL-TDD consists of the objective function (30) and the Constraints (1)- (13) and (15) Before concluding this section, we present some variable fixing rules and valid inequalities based on travel times and the delivery time bound.
For j 2 H and l 2 A, if at jl þ m l þ t P l0 þm 0 þ t P 0l þ m l þ at lj > T, then if node j becomes a hub, it cannot be allocated to the airport hub l. Hence, we can set y jl = 0 and z l jk ¼ z l kj ¼ 0 for all k 2 Hn{j}. For j 2 H, k 2 H such that j < k, and l 2 A, suppose that nodes j and k are hubs and they are both allocated to the airport hub
(the travel time from k to j exceeds T), then such an allocation violates the delivery time constraints. As a result, the inequality y jl þ y kl 6 y ll ð31Þ
is valid. Moreover, as y jl and y kl cannot take value 1 at the same time, we can set z 
If hub j is allocated to airport hub l, then k cannot be allocated to any airport hub in the set A jkl since otherwise the travel time from j to k or from k to j exceeds the bound T. Hence the inequality
is a valid inequality. We also define A
is the set of airport hubs to which the travel time from hub j is not less than its travel time to airport hub l. Hence if hub j is allocated to any airport hub in set A À> jl , then k cannot be allocated to any airport hub in the set A À> jkl since otherwise the travel time from j to k exceeds the bound T. A similar argument can be made for sets A 
is valid and dominates inequality (32).
Finally, let i 2 D and j 2 H and define
If node i is allocated to hub node j, then j cannot be allocated to any hub airport in the set A ij . Hence, the inequality
is a valid inequality. Note that this inequality dominates Constraint (2).
Application in Turkey
We applied our hierarchical multimodal hub location model with time-definite deliveries on the Turkish network. The data on the distances between 81 cities of Turkey, the travel times using ground transportation, and the traffic demands are presented in OR Library, Beasley (1990) . We note here that the data on the distances is updated due to construction of new highways within the country and we are using the most recent data presented in the link given in the OR Library.
The data on the candidate locations of the hub nodes is gathered from the cargo company. The company currently operates 22 hubs in order to serve 81 cities of Turkey within 24 h. In constructing our test bed, we have chosen the company's 22 hub locations to be the potential hub set H. Fig. 2 depicts these 81 cities and 22 potential hub locations on the map of Turkey (the numbers represent the license plate codes by which the corresponding cities are commonly referred to in Turkey).
There is an airport in all the cities in the potential hub set, except three (3, 68, and 81). So, we took these 19 cities as the potential airport hub set A. The central airport hub is located in Ankara (6) where the cargo company has its major sorting center (Fig. 2) .
The time discount factor a is taken as 0.9 (Tan and Kara, 2007) . The travel times by airplane between the central airport Ankara and each airport in the set A is estimated by assuming that the airplanes travel at a speed of 700 km/h. The loading/ unloading time at an airport hub excluding the central airport hub, m j , is taken as 30 min, whereas the loading and unloading time at the central airport hub,m 0 , is taken as 120 min.
There are different routing and fixed cost parameters in the objective function of the model. We estimated realistic values for these parameters based on the interviews with the company representatives. In the current operating structure of the cargo company, a small truck operates between a demand node and a hub, whereas a trailer operates between two hubs. The unit routing costs per distance between hub nodes on truck connections are about 0.75 times the unit routing costs between a non-hub node and a hub node. On the other hand, the fixed cost of operating a small truck per unit distance is around 80% of the fixed cost of operating a trailer. The company representatives estimated the costs for routing unit flow on airline connections to be negligible compared to the fixed cost of operating an airplane. The cost of operating an airline connection between an airport hub and Ankara is estimated as 3500. We varied the values of the fixed costs of operating truck and airline connections in order to observe the effects on the optimal solutions.
We took our runs on a server with 2.6 GHz AMD Opteron 252 processor and 2 GB of RAM operating under the system CentOS and we used the optimization software CPLEX version 11.2.
Initially, we tested the performance of the variable fixing rules and valid inequalities introduced at the end of the previous section. For this analysis, we solved the model by CPLEX with and without the inclusion of valid inequalities and compared the results. While solving the model with the valid inequalities, we included all sets of inequalities developed for the symmetric data since the data on the Turkish network is symmetric. We put a time limit of two hours and compared the gap of the linear programming relaxations, CPU time requirements by CPLEX, and the numbers of nodes in the branch-and-bound tree. The results are summarized in Table 1 .
The first two columns in Table 1 report the instance parameters: the time limit and the total number of hubs to be established. The columns indicated by 'No valid inequalities' correspond to the solutions without the inclusion of any valid inequalities, whereas the columns indicated by 'All valid inequalities' list the resulting solutions with the inclusion of all valid inequalities. The columns indicated by 'LP gap' report the gap of the linear programming relaxation from the optimal value and the rows indicated by 'CPU time' report the CPU time requirement in seconds by CPLEX. For each instance with and without the inclusion of valid inequalities, 'Nodes' columns list the number of nodes in the branch-and-bound tree reported by CPLEX. The last column in Table 1 calculates the percentage of improvement in the CPU times when using the valid inequalities.
When we compare the LP relaxations, observe from Table 1 that LP gaps are smaller with the valid inequalities in all the instances. However, the difference between the values of the two LP gaps are not very significant in some instances. For example, when T = 24, p = 2 and T = 23, p = 4. In general, the difference in the LP relaxation values increase with tighter time bounds. As expected, this shows that the valid inequalities are more effective with tighter service levels.
All the instances in Table 1 are solved to optimality within two hours. All the instances, except the second and third, are solved more quickly with the inclusion of the valid inequalities. At the instance with T = 24 and p = 3, the model with the valid inequalities required around 45 s more to be solved to optimality. Similarly, the instance with T = 23 and p = 3 required around 20 more seconds with the valid inequalities. On the other hand, as it can be observed from the last column of Table 1 , there are five instances where the improvement in the CPU times with the valid inequalities are over 70% with a maximum value of 81.47%. The highest improvement in the CPU times using the valid inequalities corresponds to about 1 h. Lastly, when we compare the number of nodes in the branch and bound tree reported by CPLEX, we observe that fewer nodes and thus less branching are required for the model with the valid inequalities.
In the light of the above observations, since the model is solved more efficiently with the valid inequalities, we include all sets of valid inequalities for the rest of the computational analysis.
Next, we varied the time limit, T, between 24 and 18 h, and the total number of hubs to be located, p, starting from the first feasible value up to 8. The results are summarized in Table 2 .
The first two columns of Table 2 list the input parameters: T and p. The third column presents the optimal objective function value, the fourth and fifth columns present the optimal locations of the ground and airport hubs, respectively. The last column lists the CPU time requirement by CPLEX to solve the corresponding instances to optimality.
Observe from Table 2 that 24 h service to all of the cities in the Turkish network is possible with two airport hubs located at Ankara (6) and Diyarbakir (21). When we decrease the time limit, more hubs are required to provide the service. For example, one ground hub and four airport hubs are required if each city pair is to receive service within 18 h. Observe also that when T is decreased from 24 to 21 while locating two hubs, the optimal solution results in relocating one hub a short distance (from 21 to 23) increasing the cost by less than 1%. It is not possible to meet the service guarantee of 21 h without this relocation. With eight hubs, T can be decreased from 24 to 22 at an additional cost of 0.35% without changing the optimal locations of airport hubs and by relocating one ground hub a short distance (from 5 to 55). Again, it is not possible to give service in 22 h with eight hubs without this relocation. Table 2 Results with varying service levels and total number of hubs. For each service level, when we increase the total number of hubs to be established, the number and the locations of the airport hubs tend to stay the same since the fixed costs of operating airline connections is relatively higher than those of operating truck connections. For each time limit, the fifth column of Table 2 is the same, except at few instances where there is a change in the location of a single airport hub.
When we increase the total number of hubs to be located by one, in almost all of the instances, a new ground hub is established. Compared with the airport hubs, the locations of the ground hubs are more sensitive to the total number of hubs to be located. Clearly, the reluctance to open additional airport hubs is a result of the large fixed costs for airline connections. However, there are exceptions to this. For instance, when T = 21 and p = 4, three airport hubs and one ground hub are opened. The minimum cost with p = 5 is equal to 69223.45, if we fix the number of airport hubs to three. However, with four airport hubs and one ground hub, the minimum cost is 68549.16. Hence, when p is increased from four to five, one more airport hub is opened.
When we look at the CPU time requirements, we observe from the last column of Table 2 that the instances with larger p values are relatively harder. In the average, the model is solved in around 28 min to optimality. The lowest CPU time requirement is about 3.2 s, whereas the highest is less than 1.7 h. In general, the CPU times requirements for the model are reasonable for a network design problem. Table 2 also presents the optimal objective function value of the corresponding instances. In all of the instances, total costs decrease when the total number of hubs to be located increases. Since the total number of airport hubs usually stays constant, this can be explained with the decrease in the total routing costs with additional ground hubs. The objective function values demonstrate the trade-off between the investment cost of building hubs and the operational costs. With more investment on the total number of hubs to be established, operational costs decrease. Fig. 3 demonstrates some solutions from Table 2 on the Turkish network (the notation is the same as in Fig. 1 ). In Fig. 3a -f, only the hub network is depicted, that is, the allocations of the demand nodes to the hub nodes are not shown.
In all of the solutions presented in Fig. 3 , there is an airport hub located in Istanbul (34), which is the node generating the highest amount of flow in Turkey. Moreover, again in all of the solutions, at least one airport hub is located in the eastern part of the region in order to provide service within the given time limit.
A comparison of the Fig. 3b and c shows that a 1 h tightening of the delivery time guarantee causes one ground hub to be relocated (a relatively long distance) and to be assigned to a different airport hub. Additionally, a comparison of the Fig. 3d and e shows that a 1 h tightening of the service level causes one airport hub and two ground hubs to be relocated. Similarly, a Fig. 3 . Results on the Turkish network.
comparison of the Fig. 3e and f shows that a further one (or two) hour tightening of the delivery time limit causes one ground hub to become an airport hub, and two ground hubs to be relocated.
Observe that the resulting hub networks are tree shaped in Fig. 3a -f. Due to this tree structure, there is a unique path connecting each of the hub nodes. That is, the demand of all the nodes allocated to each of the hub nodes are routed using the unique path between the hub nodes that they are allocated to.
When we analyze the flows on the hub network connections, we observe that most of the demand is transported using the airline connections. This is because unit routing costs on airline connections are negligible compared to fixed costs of operating these connections. Thus, once an airline connection is established the model tries to route as much flow as possible on this airline connection. This result coincides with the actual operational decisions of the cargo company. The company owns its own aircraft to operate on the airline connections and wants to utilize their aircrafts' full capacity.
Even though ground transportation is fast enough to provide service between certain origin-destination pairs within the given time limit, the resulting hub network may force these pairs to employ air transportation. For example, the demand between Ankara and Istanbul can be transported using ground transportation even with the tightest service time bounds. However, in order to give timely service to all the demand nodes allocated to these hubs, and also to achieve economies of scale, the demand between Ankara and Istanbul is routed using the direct airline connection in-between. Nevertheless, note that there are no capacity constraints on the amount of flow carried on the airline connections. This can be considered as a limitation of the current model and should be considered in future research.
As we noted, all the solutions in Fig. 3 resulted in tree shaped hub networks. This is due to fixed costs of operating truck connections. If the fixed costs are lower, more truck connections can be established. Next, we analyze the effects of the fixed costs of operating airline and truck connections on the optimal solutions.
We vary the fixed cost of operating an airline segment between 500 and 10,000. We test two instances with varying airplane operating costs: one where service time limit is set to 24 h and the number of hubs to be located is six; the other where service time limit is set to 20 h and the number of hubs to be located is eight. Table 3 summarizes the results.
When the airplane operating costs are at their lowest values, more airport hubs are located and thus, more airline connections are established. This is expected since transportation cost per unit of flow is negligible on the airline connections. When the airline cost increases, the optimal number of airport hubs decreases. Even though we increase airline costs to 10,000, two airport hubs are still required to provide the service because of the time limit.
We also analyze the effects of the fixed costs of operating truck connections on resulting hub networks. We defined a truck cost coefficient and multiplied the truck operating costs on the allocation connections and on the connections between the hub nodes with this coefficient. We varied the value of this truck cost coefficient from 0 to 10. Similar to our analysis with the airplane operating costs, we test two instances with varying truck costs. The results are provided in Table 4 .
In the sixth column of Table 4 , we report the optimal number of truck connections in the resulting hub networks. Observe from Table 4 that with lower values of truck operating costs more truck connections are established. When the fixed costs of operating truck connections are negligible, there is a direct truck connection between all hubs that are allocated to the same airport hub. That is, the sub-graph induced by an airport hub and the ground hubs allocated to it is complete. When we increase the costs of operating truck connections, fewer ground hubs are established in order to have fewer truck connections. With higher truck operating costs the second layer network, connecting airport hubs and the ground hubs allocated to them, is inclined to be a tree.
Note from Table 4 that no matter what the values of the truck operating costs are, a certain number of airport hubs are required at all times in order to provide service within the given service time limit. Observe from the CPU time requirements that, in general, the problems with higher values of truck operating costs require less time to be solved to optimality.
Lastly, we want to analyze the influence of the location of the central airport hub on the resulting solutions. Remember that in all of our previous experiments, the central airport hub is located in Ankara where the cargo company has its major sorting center. For this analysis, we select two locations for the central airport hub other than Ankara. The first location we select is Istanbul (34), which is the city generating the highest amount of demand in Turkey. The other location we test is Kayseri (38) which is located geographically close to the center of the Anatolian region. We test two service time limits with different central airport hub locations. The results are summarized in Table 5 .
For each time limit and p value, Table 5 presents the optimal objective function values and the optimal locations of ground and airport hubs corresponding to different central airport hub locations. For convenience, we present our previous results, when the central airport hub is located in Ankara, in columns 3-5 in Table 5 .
Observe from the optimal objective function values with T = 24 that, except when p = 3, the lowest objective function values in Table 5 are attained when the central airport hub is located in Ankara. When T = 20, on the other hand, the lowest objective function values correspond to the instances when the central airport hub is located in Kayseri. Note that for T = 20 and p = 2, the objective function value of Kayseri is 11.3% better than Ankara. This shows that sometimes cost difference can be significant.
Note from Table 5 that some p values are infeasible when the location of the central airport hub is altered. This is due to service time limit. For example, when the central airport hub is located in Kayseri, the time limit cannot be satisfied with only two hubs. Because of the location of Kayseri, at least two air hub links are required to give timely service. Similarly, when time limit is set to 20 h, it is not possible to provide service with three hubs when the central airport hub is located in Istanbul. Observe from Table 5 that at least three air links are required to provide service in 20 h when the central airport hub is located in Istanbul.
In our example, Ankara was already selected by the company as the central airport hub due to land availability and some other managerial issues. The results in Table 5 reveals that an analysis on the location of the central airport hub could also be advantageous in terms of transportation and operational costs. 
Conclusions
In this paper, we introduced a new hub location problem motivated by the network structure of a cargo delivery company that operates a multimodal and hierarchical hub network. The aim of our problem is to design a minimum cost two-level hub network such that each pair of demand nodes receives service within a predetermined time bound.
A linear mixed integer programming model is derived and some variable fixing rules and valid inequalities are proposed. Comprehensive computational experiments are presented on the Turkish network data set with the proposed hierarchical multimodal hub location model with time-definite deliveries. The model is solved efficiently to optimality using the commercial solver CPLEX.
The contributions of this paper to the literature are firstly to show that with different service levels, the locations of the airport hubs tend to stay the same even though the total number of hubs to be located is increased. Compared with the airport hubs, the locations of the ground hubs are more sensitive to the total number of hubs to be located. Secondly, to show that it is possible to obtain better service levels at little additional costs.
Another contribution of this paper to the literature is to demonstrate the trade-off between investment and operational costs and to show that with more investment on the total number of hubs to be established, total transportation and operational costs decrease. The decision maker should consider this trade-off while designing the hub network.
We show that when the costs of operating truck connections are increased, fewer ground hubs are established in order to have fewer truck connections. In addition, the optimal hub network is inclined to be a tree. If the fixed costs of operating truck connections are lower, on the other hand, more truck links are established.
We test and compare different locations for the central airport hub. Our results show that different central airport hub locations can be advantageous under different service time promises. Hence, the location of the central airport hub can also be determined optimally once the service level is set.
